Abstract
commonly used pulse train (θ(t)) given by T (pulse period) and δ (pulse width -expressed as percentage of T).
124
Ca 2+ in the cytosol activates the IP 3 receptor (IP 3 R) on the endoplasmic reticulum (ER) membrane, leading to an P denotes the parameters of the model, summarized in Table 1 , and components of the vector will be described Table 1 ). Potential stochasticity in ChR2 dynamics is 147 included in the model using constant Weiner processes and will be explored in later sections.
148
The dynamics of free cytosolic calcium concentration is given by Where is the gap junctional flux of Ca 2+ flowing from astrocyte 'i' to its neighboring astrocytes (indicated 152 by index k). The efflux of Ca 2+ from the ER to the cytosol via the IP 3 R is described by 153 (2.2) 
The open and closed gating dynamics of ChR2 are given by equations 5-8, as
180
(6) 
The existence of ChR2 in various states should satisfy the following algebraic condition:
The current generated by cationic influx through ChR2 is given by 
193
The diffusion term in equation 1 implies solving of the state-space system as an integrated model. In a 194 deterministic system, due to lack of feedback from Ca 2+ dynamics into that of ChR2, the dynamics of ChR2 can 195 be solved independently. The model was implemented in MATLAB 2018a (Mathworks Inc.) and was numerically solved using the LL method [59] with an integration step size of t = 0.1 ms. A listing of all parameters and their 197 descriptions can be found in Tables 1 and 2. 198
Light stimulation paradigm

199
In all simulations performed in this study, laser stimulus was modeled as a square wave pulse train with period
200
T, pulse width δ (expressed as a percentage of T), and unit pulse amplitude. This paradigm is employed to evaluate 201 the effect of light on astrocytic activity, in both individual and a network of gap junction connected astrocytes.
202
Sensitivity Analysis
203
A global sensitivity analysis was performed to assess the sensitivity of SCOs to stochastic noise, without light were calculated for each stimulation paradigm. The T-δ heat (color) maps, useful to determine optimal Ca 2+ 239 signaling behavior in astrocytes exposed to a variety of T and δ combinations, are shown in Figure 3B and C for however, the contributions of and were not significant. shown in Figure 3D , trace 1 (T = 4.5s and δ = 30%). Similar to the analysis in Figure 3A , the cutoff prominence 258 of the peaks counted was set to 350 nM to exclude 1/f noise related Ca 2+ spikes. The range of each parameter was 259 chosen such that the four ChR2 variants were encompassed in it (ChR2 parameters, Table 3 ). 1000 parameter sets during and post stimulus phases, are shown in Figure 5D (for the full video, refer to supplementary video S1).
284
The spatial arrangement of astrocytes and the subnetwork of astrocytes being stimulated are shown in Figure 5E . C and F). Inspection of Ca 2+ activity traces of various cells across a diagonal with increasing distance from the center of the light stimulation area indicates that there is a decrease in Ca 2+ spiking rate ( Figure 5F ). This suggests 291 that there is a propagation of the Ca 2+ spiking probability resulting in a network-wide effect on Ca 2+ dynamics. reached a steady profile, the mean and standard deviation of spiking rates and Ca 2+ basal levels were computed.
300
Figures 6A (T = 5s, δ = 40%) and 6B (T = 2.5s, δ = 10%) show an increase in Ca 2+ basal levels and spiking rate 301 in the network, corresponding to increases in ChR2 expression levels. It is to be noted that in the abovementioned 302 light stimulation paradigms, the Ca 2+ basal levels are within physiological levels (indicated by dashed line).
303
Although Figure 6C (T = 2s, δ = 40%) showed an increase in the Ca 2+ baseline when the ChR2 expression was 304 increased, there is an overshoot beyond physiological levels at the 80 and 100 % expression levels. Ca 2+ spiking 305 rate, on the other hand, shows an initial increase until 50% expression level, post which displayed a declining 306 trend.
307
Discussion
308
We developed a novel stochastic model to assess the effect of light stimulation on the Ca 2+ dynamics in astrocytes 309 expressing the widely used opsin -ChR2. We used three ChR2 variants -wild type, ChETA, and ChRET/TC.
310
The proposed framework can further be adopted for investigating other opsins. by light-induced activation of ChR2 (Figures 2-3 and S1-3). According to our findings, all ChR2 variants studied 320 in this paper showed similar profiles of activity in response to different laser pulse specifications (Figure 3 , S1-
321
3). The profiles displayed common regions of high spiking rate (point 3, Figure 3C ), as well as regions with Figure 3C ) and low activity (point 1, Figure 3C ). Also, with the increase in δ, there is a dynamics is yet to be investigated, we hypothesize that potential protein thermal noise and fluctuations in light 331 intensity due to photon migration dynamics may play a role. Figure 4B indicates that the kinetics of ChR2 S1-3). We observed the propagation of the probability of Ca 2+ spiking in response to local light stimulus in a 347 network of homogeneously ChR2 -expressing astrocytes (efficiency of 100%, Figure 5 ). In heterogeneously
348
ChR2 -expressing astrocytes subjected to a given network-wide stimulus paradigm, differing degrees of The model presented in this paper aimed at studying the effect of light stimulation on Ca 2+ 
